Objective: Obesity-related under-reporting of usual dietary intake is one of the most persistent sources of bias in nutrition research. The aim of this paper is to characterize obese and non-obese individuals with respect to reporting errors observed with two common dietary instruments, using energy and protein recovery biomarkers as reference measures. Population and methods: This report employs data from the Observing Protein and Energy Nutrition (OPEN) study. Analyses are based on stratified samples of 211 (57 obese) men and 179 (50 obese) women who completed 24-h recalls (24HR), food frequency questionnaires (FFQ), doubly labelled water (DLW) and urinary nitrogen (UN) assessments. Results: In obese and non-obese subgroups, FFQ yielded lower energy and protein intake estimates than 24HR, although biomarker-based information indicated under-reporting with both dietary instruments. Gender differences in obesity-related bias were noted. Among women, the DLW-based energy requirement was 378 kcal greater in obese than in non-obese groups; the FFQ was able to detect a statistically significant portion of this extra energy, while the 24HR was not. Among men, the DLWbased energy requirement was 485 kcal greater in the obese group; however, neither FFQ nor 24HR detected this difference in energy requirement. Combining protein and energy estimates, obese men significantly over-reported the proportion of energy from protein using the 24HR, but not with the FFQ. In obese women, no significant reporting error for energy percent protein was observed by either method. At the individual level, correlations between energy expenditure and reported energy intake tended to be weaker in obese than non-obese groups, particularly with the 24HR. Correlations between true and reported protein density were consistently higher than for protein or energy alone, and did not vary significantly with obesity. Conclusion: This work adds to existing evidence that neither of these commonly used dietary reporting methods adequately measures energy or protein intake in obese groups. The 24HR, while capturing more realistic energy distributions for usual intake, may be particularly problematic in the obese.
Introduction
Measurement of habitual food intake is known to include varying levels of measurement error depending on the type of dietary assessment method used and the bias of respondents. In particular, measuring dietary intakes of obese subjects is problematic because they may be more prone to under-reporting bias compared to their non-obese counterparts. It has been proposed that this bias is related to social desirability factors 1 and may involve a combination of conscious and unconscious under-reporting. 2, 3 It follows that inadequate measures of usual diet in obese individuals may lead to misleading or inaccurate observed associations between diet and obesity-related health outcomes. The existence of obesity-specific under-reporting was rather controversial until the advent of doubly labelled water gave support to previously anecdotal evidence of such a bias. 4 Studies involving urinary nitrogen as a biomarker for total protein intake have been consistent with this conclusion. 5, 6 Disproportionate under-reporting of the non-protein fraction of the diet has also been examined, using estimated energy expenditure and urinary nitrogen to demonstrate increasing error with increasing levels of body mass index (BMI). 6 However, few studies have been conducted using unbiased 'recovery biomarkers' 7 to estimate both energy and protein intakes at the same time.
The Observing Protein and Energy Nutrition (OPEN) study has recently accomplished this, documenting under-reporting of energy and protein intake with two different dietary instruments. 8 Additionally, BMI and a number of other psychosocial variables have been examined as possible explanatory factors for under-reporting. 8, 9 As BMI was found to be the strongest determinant of under-reporting, more detailed analyses are undertaken in this paper, with a particular focus on obesity. Specifically our objectives are: to compare obese versus non-obese subjects with respect to degree of energy under-reporting; to evaluate these reporting errors in the protein fraction of the diet; and to document obesity-related differences in correlations between reported and biomarker-based intake. Moreover, in contrast to the original paper, 8 we confine the analysis to subjects with data available from all selected measures, in order to compare the same individuals in various analyses.
Population and methods
The OPEN study design has been described in previous reports. [8] [9] [10] A total of 484 men and women aged 40-69 years participated in the study. They were primarily well-educated, non-smoking Caucasians, residing in the Washington, DC metropolitan area. Subjects completed two types of dietary assessment: food frequency questionnaires (FFQ) which were mailed to subjects before their study visits; and 24-h dietary recalls (24HR) which were conducted in person at the time of the study visits. In addition to self-reported diet by these methods, doubly labelled water (DLW) and urinary nitrogen (UN) were used as unbiased biomarkers of energy and protein intakes. The present study is restricted to analyses of 390 subjects with complete data as follows: two 24HRs; the first of two FFQs; DLW energy assessment; and at least one of two UN assessments. As FFQ describes usual intake, only the initial FFQ was included, which had been completed before the 24HRs and biomarker measures. Among the 211 men and 179 women, 57 and 50, respectively, were obese. Obesity was defined as BMI X30 kg/m 2 based on measured weight and height.
Dietary and laboratory methods have been described in the original report. 8 The 24HR was a standardized five-pass method, developed by the US Department of Agriculture.
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The FFQ used in this study was the Diet History Questionnaire, developed and evaluated at the National Cancer Institute. 12 The DLW procedure was performed using a five-urine, 2-point specimen protocol, with total body water measured with the plateau method. 13 Urine nitrogen was assessed from 24-h collection; completeness was ascertained using the para-amino benzoic acid (PABA) method, and subjects with slightly incomplete recoveries had their urinary nitrogen output adjusted up, 14 while those with o70% recovery were excluded from further analyses.
All estimates of energy reporting error are based on the assumption that total energy expenditure by DLW is an unbiased estimate of total energy intake among persons in energy balance, and can therefore be compared with reported dietary intake data to identify energy underreporters. The validity of the protein intake is considered in two ways: by comparing reported dietary protein with nitrogen-based protein estimates; and by comparing dietary versus biomarker-based energy-percent protein (also referred to as protein density). In order to document obesity-related differences in under-reporting, two indicators are presented in this paper. First, the absolute difference between biomarkerbased and reported values was calculated separately in obese and non-obese groups. Secondly, a continuous indicator of relative completeness of reporting was calculated for each obesity group, reflecting percentage of biomarker captured by each instrument. For each indicator, P-levels reflect whether significant differences were detected in obese versus non-obese subgroups.
To estimate the distribution of usual energy ( Figure 1a and b), we used a measurement error model 15 that removes the effect of day-to-day variability in 24HR-and DLW-based estimates, thereby narrowing the distribution. The correlation between reported intake and true usual intake in each BMI group was estimated using a more complex measurement error model described in an earlier report. 10 The latter model assumes that the biomarker provides an unbiased estimate of true usual intake on a logarithmic scale. Under this assumption, the correlation between reported intake and the biomarker can be adjusted to remove the effect of day-to-day variability in the biomarker and provide an unbiased estimate of the correlation with true usual intake. When estimating these correlations, for each combination of nutrient and instrument, we removed two to eight outliers of reported intake that might overly influence estimates. Outliers were defined as values falling outside the interval given by the 25th percentile minus twice the interquartile range to the 75th percentile plus twice the interquartile range on the logarithmic scale.
Results
Characteristics of participants are given in Table 1 . The prevalence of obesity in this sample was 27% in men and 28% in women. This is somewhat lower than rates observed in non-Hispanic white men (31.3%) and women (34.9%) sampled at ages 40-59 years by the National Health and Nutrition Examination Survey from 1999 to 2002. 16 Figure 1a and b show the smoothed distributions of usual total energy intake in obese and non-obese men and women, estimated from the DLW energy expenditure and the two dietary assessment methods. The mode of each distribution OPEN about obesity L Lissner et al is indicated by a vertical line, to facilitate comparison of instruments across subgroups. As expected, the distribution of DLW values for obese subjects indicates higher energy requirements, relative to non-obese subjects. In both obese and non-obese subgroups, the FFQ method yielded lower estimates for energy than the 24HR, although both distributions indicated some under-reporting, relative to DLW. The distributions for both FFQ and 24HR suggested a component of obesity-specific underreporting among men. In obese women, this extra shift to the left was more apparent for the 24HR than the FFQ. Table 2 shows geometric means and completeness of reporting for total energy, energy from protein, and protein density, stratified by obesity and gender, using the different approaches described in Methods.
In men, absolute energy intakes were not significantly different in obese versus non-obese groups for either dietary reporting method, in contrast to DLW measures that indicated a mean difference of 485 kcal by obesity status. Using the 24HR, leaner men reported 93% of their DLW-based energy requirement while obese men reported 84% (P ¼ 0.02). With the FFQ, leaner men reported 76% of biomarker energy requirement whereas obese men reported 69% (P ¼ 0.18). In other words, obese men did not report intakes that were consistent with their increased energy requirements and under-reported to a greater degree than non-obese men, particularly using the 24HR. These results are shown in the first column on top of Table 2 .
In women (lower half of Table 2 ), the biomarker-based difference in energy intake in obese versus non-obese was OPEN about obesity L Lissner et al 378 kcal. In contrast to findings in men, the FFQ captured a significant portion (180 kcal) of the 'true' obesity-related energy difference in women. Moreover, for the FFQ, the average percent under-reporting did not differ significantly by obesity status. In contrast, using the 24HR, non-obese women reported an average of 92% of biomarker energy requirement, compared to 80% among obese women (P ¼ 0.03). In summary, women's 24HR energy intakes were strongly indicative of obesity-specific under-reporting, while FFQ-based energy intakes were not. The remaining columns in Table 2 make the same series of comparisons for estimates of protein intake. A different pattern emerges here, in which a significant fraction of the expected protein surfeit among obese men is captured with the 24HR. Further implications of this difference may be seen in the final column, which shows distortion of the protein density of the diet in men with the 24HR. Specifically, using this method, obese males overestimated the fraction of their energy intake from protein by 14%, significantly more than the non-obese men. This bias was smaller and not statistically significant using the FFQ. No significant obesity-related overestimation of protein energy density was observed in women using either dietary method.
The final objective of this paper was to examine correlations between biomarker-based intake and reported usual intake at the individual level, with specific attention to whether these correlations are similar in obese and nonobese groups. As shown in Table 3 , the correlations were strongest for protein density and lowest for total energy. Correlations between true and 24HR-reported energy and protein intake were statistically significantly lower in the obese group than in the non-obese group, but only when results for men and women were combined. Correlations between true and FFQ-reported protein and energy intake were modest and not significantly different in the two groups. The correlations for protein density gave no consistent indication of lower or higher validity in obese versus non-obese groups using either dietary instrument.
Discussion
A major concern surrounding obesity-related reporting bias is its potential impact on epidemiologic studies evaluating diet and disease outcomes. Differential under-reporting with changing BMI could attenuate relative risk estimates for dietary factors that are truly associated with the outcome, although the reverse may also occur. 17, 18 Procedures have been employed to correct for effects of reporting errors in FFQs. 19 However, there is evidence that similar BMI-related under-reporting and other systematic and person-specific 
Abbreviation: BMI, body mass index.
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biases occur with calibration instruments, such as 24-h recalls, thereby diminishing the effectiveness of this correction method. 8, 10 From the distributions of Figure 1a and b, it is apparent that the 24HR captured energy intakes that were closer to the truth than the FFQ, in all sex and obesity strata. Closer examination of group differences indicates that significant obesity-related energy under-reporting occurred with the 24HR in both men and women ( Table 2 ). The FFQ detected part of the additional energy requirements in obese women (although not in obese men), whereas the 24HR could not detect any obesity-related energy differences in either gender. We also observed that protein-energy densities calculated from the 24HR were significantly over-estimated in obese men, but that no such distortion occurred in obese women, or in either sex with the FFQ. Finally, at the individual level, correlations between true and reported intakes tended to be lower among the obese than the nonobese. After pooling the men and women, the 24HR showed significantly lower correlations with true energy and protein intakes in the obese than the non-obese.
Thus, combining individual and group-level information, it appears that the method that best captured total energy intakes of the study population may have been more biased with respect to obesity. For instance, although total underreporting was most pronounced with the FFQ, among women this method was not associated with significant obesity-related energy underreporting. Using definitions from previous OPEN studies, 8 the percentage of women who could be classified as 'under-reporters' on the FFQ was 46% in both obese and non-obese groups (data not shown). The 24HR also yielded lower individual correlations in both energy and protein in obese, compared to non-obese subjects. These observations, together with the finding of distorted over-reporting of energy-percent protein by obese men completing the 24HR, suggest certain advantages of the FFQ in spite of its generalized under-estimation of total intake.
It was of interest to observe that protein density correlations were generally stronger than correlations based on absolute protein levels, suggesting that energy adjustment corrects somewhat for measurement error and may improve ranking of individuals with respect to protein. This was the case in obese as well as non-obese groups described here. The fact that protein density correlations were not consistently lower in the obese than the non-obese groups provides some support for energy adjustment procedures when obesity is a main focus.
A number of limitations of this study may be noted. The subjects described here constituted a highly select sample, including motivated individuals who were interested in participating in the study, undergoing examinations, filling in questionnaires and completing laboratory procedures. As subjects all reported their diets using both methods, it is possible that one measurement may have influenced the accuracy of the other. Additionally, the total number of obese individuals was not high enough to draw broad generalizations, and we decided not to examine separately the group that was overweight but not obese. Moreover, this study had low power to detect differences in correlations between groups, given the large amount of error in the dietary measurements and the low correlations that were observed. Thus, it was not possible to draw strong conclusions regarding these individual correlations.
Finally, although the possibly distorted over-reporting of the energy percent protein would logically imply accompanying distortions in the non-protein fraction of the diet, these results cannot be generalized to other nutrients. This observation regarding protein energy density does, however, corroborates two previous studies suggesting relative overreporting of the protein fraction of the diet. 6, 17 It is clear that new biomarker-type methodologies should be developed to measure dietary components other than protein and energy. Selective under-reporting of socially undesirable food types has been documented using a number of approaches, ranging from direct covert observation 20 to more indirect OPEN about obesity L Lissner et al comparative assessments of items that 'under-reporters' are able to report. 9 Limitations in the science of dietary biomarkers constrain our understanding of how this type of selective under-reporting can affect observations in nutritional epidemiology.
In conclusion, these results have certain implications for design of future studies in nutritional epidemiology. The higher performance of the five-pass 24-h recall method in capturing mean intakes, relative to FFQ, must be weighed against the observation that the FFQ performed better or at least as well in a number of obesity-related comparisons. In this context, a possible future strategy could be to develop methodologies that combine the recall and FFQ methodologies. Given the known importance of obesity vis-à-vis a number of chronic disease endpoints, it is critical to develop instruments that can rank and differentiate obese and nonobese individuals with respect to dietary intake.
